Titanium alloys do not exhibit good seizure toughness. In general, a surface treatment must be applied if the component is subjected to sliding contact. For surface hardening, it is well known that oxygen and nitrogen treatments can be used because they are easily available, inexpensive elements. However, these treatments cause the fatigue strength to decrease which is a problem.
Introduction
Titanium alloys are effective for reducing the weight of engine parts and are superior to steel in terms of the strengthto-weight ratio.
Titanium alloys are used in such components as connecting rods and engine valves for high-performance engines and racing applications. Lightweight titanium alloys are also effective for reducing fuel consumption and engine friction.
However, it is necessary to apply some type of surface treatment to improve wear resistance, because titanium alloys have poor seizure characteristics. Typical surface treatments for titanium are expensive, for example ion-plating and Mo spray. [1] [2] [3] [4] [5] [6] Recently, an inexpensive hardening process using oxygen and nitrogen has been developed. [7] [8] [9] Improvements in the fatigue strength of steel have been reported by changing the surface layer through shot peening. 10, 11) To obtain good seizure toughness in titanium, inexpensive and ubiquitous elemental nitrogen and oxygen can be used. However, the fatigue strength is changed by surface treatments. We report the influence of different surface conditions and surface treatments (Oxygen diffusion treatment and shot peening) on the fatigue strength of Ti6Al4V alloy in this report.
Experimental
We used the general-purpose titanium alloy, Ti6Al4V, in its annealed condition (993 K for 7.2 ks) to make test specimens. Table 1 shows the chemical composition of the experimental test specimen material. The OD (Oxygen diffusion) treatment forms a surface hardened diffusion layer by heat treating in an atmosphere furnace.
OD treatment improves the seizure toughness of titanium alloys through hardening of the surface layer by oxygen diffusion. Atmosphere management of furnace is not controlled. The test specimen is furnace cooled, from a temperature of 973 K for 18 ks. Tensile properties, charpy impact tests and fatigue tests were then performed. Tensile strength test specimens were prepared according to JIS14A. Figure 1 shows a typical tensile test specimen. Charpy impact specimens were prepared according to JIS Z 2242, Fig. 2 shows a typical charpy impact specimen. The fatigue test specimens were prepared with ' 8.0 section. Figure 3 shows a typical fatigue test specimen. Fatigue test specimen notch shapes were machined with a U notch ( k: stress concentration coefficient is 2.0) and a V notch ( k: stress concentration coefficient is 3.57). The fatigue test used a rotation bending tester (SHIMAZU Corporation) with a rotating speed of 2800 rpm. Microstructures of specimen with and without the OD treatment were observed by optical microscope. An etchant was made with fluoride acid, nitric acid, and water in the ratio of 2 : 15 : 100.
Cross sectional hardness of the OD treated specimen was measured by Fischer HM 2000 instrument (Micro Hardness Tester).
X-ray diffraction measurements were carried out using a rotating anode X-ray generator (Rigaku, rint1400, Cu k, 50 kV, 150 mA) and a nickel filter. Seizure examination, to evaluate seizure characteristics at load, was done using a Faville tester, Daido Kogyo. Outline of the seizure tester is shown in Fig. 4 . A center pin rotates, and is loaded on the side by two blocks. The pin was made of carburized SCM420, with an average surface roughness of 3.2 mm and a diameter of 6.4 mm. The block was made of Ti6Al4V alloy. Rotational speed of the pin was 300 rpm. The tester was soaked in engine oil during testing while evaluating seizure characteristics at load. Residual stress measurements were carried out using a Stresstech instrument. (Ti k, 30 kV, 6.7 mA). Shot peening condition used glass beads # 100 (105-149 mm), almenstrips A, with an arc-height of 0.4 mm.
Results and Discussion

Surface improvement effect by the OD treatment
(Seizure characteristics) 3.1.1 Seizure characteristics Figure 5 shows the results of the seizure test for the OD treated (973 K, 18 ks) and the non-OD treated test specimens. The seizure load is judged as the load at which torque suddenly rises (indicated in the figure as "). The non OD treated material exhibited a seizure load of less than 2 kN. On the other hand, the seizure load increased by 4 times to 8 kN indicating improvement in seizure characteristic. This confirms the positive influence of the surface hardened layer by oxygen on seizure. Deformation of the surface occurs in the first stage of seizure in titanium. When fresh titanium appears, seizure suddenly occurs. This is a characteristic of titanium alloys. Therefore, we think that seizure toughness depends on surface hardness. increased when compared to the non-OD treated specimens, from Hv350 to Hv750. It appears that oxygen is in solution at the surface, and it is estimated that the oxygen concentration is high in the surface based on the hardness data. This surface hardening is equivalent to the carburizing of steel, and is an available surface treatment for titanium to increase seizure toughness.
Surface condition of the OD layer
12) The results of surface layer X-ray analysis are shown in Fig. 8 . Peaks of TiO 2 are confirmed for the OD treated material. Comparing XRD date before and after the OD treatment, the (110) peak, is seen to decrease. The ratio of = varies with the stabilization of elemental oxygen. The surface becomes -rich when compared to the core. It has been reported that fatigue strength decreased in the nitrided layer of notch test specimens. 13, 14) We checked the OD treated test specimens, in which occurs a similar phenomenon. The oxygen concentration in the surface area increases, and the surface completed phase ! phase transformation. As a result, the phase changed from bcc to hcp, and tensile residual stress occurs on the surface. We think this phenomenon (which is the surface volume shrinkage) is factor for decreased strength.
Influence of surface treatment and its condition on
fatigue strength 3.2.1 Influence of notch on fatigue strength Figure 9 shows the fatigue strength of plane and notched specimens for fatigue test. The fatigue strength of the plane specimens is 600 MPa, which decreased to 315 MPa with a U notch, for fatigue strength reduction of about 50%. For the V notch specimen, the fatigue strength deteriorated to 230 MPa. Fatigue strength is thus clearly affected by the presence of a notch. Table 2 shows the static mechanical properties of the OD treated test specimens. The static mechanical properties, which include strength, elongation, and impact energy, were not affected by the OD treatment. Since the scale layer and the OD treated hardened layer are 5060 mm in depth, this is a very small percentage of the overall thickness. Therefore, there is not influence on the static mechanical properties. Figure 10 shows the fatigue strength of the OD treated specimens in fatigue tests. Fatigue strength decreased after the OD treatment was applied. In the OD treated fatigue test specimens, fatigue strength decreased by 460 MPa compared to that of the non-OD treated test specimens. We think this is caused by the surface oxygen diffusion layer. In addition, notch sensitivity increased due to the surface oxidation diffusion layer, and fatigue strength decreased. Furthermore, the fatigue strength of the OD treated U notch and V notch test specimens decreased to 160 MPa and 120 MPa, respectively.
Influence of the OD treatment on static strength
Influence of the OD treatment on fatigue strength
The OD treated specimens are more largely decreasing strength compared with the non-OD treated specimens, the reason is the influence of surface residual stress without shape. The OD treatment phenomenon has the same effect as notch sensitivity by reducing fatigue strength of the material.
3.3 Improvement method of fatigue strength after the OD treatment 3.3.1 Change in fatigue strength by shot peening Figure 11 shows the fatigue strength after shot peening, for both OD treated and non-OD treated specimens. In addition, Fig. 12 shows the results of residual stress measurements. The date indicate an improvement in fatigue strength for the OD treated after shot peening test specimen. The cause of this appears to be the surface residual stress. Fatigue strength recovered from 460 MPa to 600 MPa for the OD treated specimen after shot peening. Oxygen (an interstitial element) is in solution in the vicinity of the surface, and tensional residual stress occurs in the vicinity of the surface. The surface residual stress is changed to compressive stress of compression from tensile stress by shot peening. Fatigue strength thus recovered to almost the same level as the original strength due to the influence of surface residual stress and the hardened the OD layer.
Conclusion
The main conclusions are as follows: (1) Seizure characteristics of Ti6Al4V alloy are improved by applying the OD treatment using oxygen. (2) A decrease in fatigue strength was obtained due to tensional residual stress induced by the OD treatment. (3) Tensional residual stress on the surface due to the OD treatment is changed to compressive residual stress by shot peening. As a result, fatigue strength recovered almost to the level as before the OD treatment. (4) High fatigue strength and good seizure toughness conventionally do not coexist in titanium alloys, however we believe the effects of oxygen (which is an inexpensive, ubiquitous element) treatment can be used to improve these properties. 
